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                Introduction. 
§ 1. The distribution law of the wind velocity 
with respect to height above the ground and 
its dependence on the lapse rate of air tem-
perature were already investigated by 
 ROSSBY and  MONTGOMERY(  ),  SUTTON(2), 
 SVERDRUP(34),  PAESCIIKE(3) and others. As 
for the structures of wind near the ground, 
many observations have been hitherto 
carried out by.  ScHMEDV),  GIBLETT(5), 
 BEsT(0 and others with fine recording 
instruments. But, each of them was different 
from the other in analysing the original 
records. Recently, in the field of hydrodyna-
mics the statistical theory of  turbulence') 
has been developed by TAYLOR,  KARN1AN 
and others and according to it the states of 
turbulence are specified by the  "  intensity  "
and the "scale" of turbulence. In the previous 
 reports(8),(9),(10) we discussed the turbulence 
in the air layer from 30 up to 60 meters 
high above the ground from the view point 
of this tsatistical theory. To know the state 
of turbulence down to the ground, we need 
further investigations by the same apparatus 
and the same method of reduction. 
                 Chapter 1.
        Place of Observation and 
              Its Circumstances.
§ 2. Place of Observation and Equipment of 
    Observation. 
  We observed the wind velocity and its 
structure at Onohara field, Ibaragi Prefecture,
50 miles east of  TOkyO This field is near the 
downstream of the River Tone, and is about 
4 miles away from the Pacific Ocean, so that 
 the influence of the land and sea breezes are 
noticed considerably. The field which had 
been used as an aerodome in the war time 
spreads to 2 miles wide eastwards and 4 miles 
 wide  northwards- Observation had been  car-
ried out in it from February 1947 to November 
 1948. During the time when the observation 
 was carried out, the major part of the field 
 was covered by grasses (average height 30 
 to 40 cm), and here and there it was culti-
 vated for water melons and sweet potatoes. 
  A wooden tower, 16 meters high above the 
 ground, was built at the place 1 km north 
 from the southern boundary of the field, and 
 at this tower five hot wire anemometersand 
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 Photograph 1. Place of Observation 
five resistance thermometers were 
at the heights  1,3,5 (5.5 metersinsummer), 
10 and 15 meters high above the ground. A
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wooden cottage, the area 12 m2, for the obser-
vation, was built about 15 meters apart  from 
the base of the tower. In this cottage the 
recording of the wind velocity and air tem-
perature were carried out. 
§  3• Vertical Distribution of Mean  Velocity. 
    and Roughness of the Ground. 
 Before we discuss the several aspects of 
turbulence, we just show the  condition of the 
ground surface  in the'  field of observations 
and the states of  atmosphere' (stable and 
unstable) during  the' observation. To define 
the roughness of the surface by direct mea-
surements is very difficult for irregularities of 
the surface, so  we' first measure the vertical 
distribution of mean velocity and  then, as 
described below, we obtain  the values of the 
roughness parameter  ; which is proportional 
to the mean roughness of the ground. 
 The wind velocity was recorded at  10"  00m 
every  a•m. and  2h00in p.m. every day during 
August and October. The condition of the air 
layer were generally unstable. We used vane 
anemometer for measuring the wind velocity. 
Heights of observation are shown in Table 1. 
Except the observation in summer of the year 
1948, we could not obtain the values of wind 
velocity at all points of measurement at the 
same time owing to the lack of assistants 
and suitable instruments and were obliged to 
 measure the wind velocities at different 
heights by turns with one instrument. By this 
method the erroneous  effects might be ex-
pected to enter from the unsteady characters 
of the natural wind. But, W.  PAEscHKE() 
obtained good results in recording the wind 
velocity over the grounds of different rough-
nesses by using a single hot wire anemome-
ter. As the error of measurement due to 
the timely variation of wind velocity may be 
negligible according to his results, we dared
to measure the wind velocity by an anemome-
ter and corrected the error above described 
by referring the value of the wind velocity 
measured with a  ROBINSON anemometer at 
the top of the tower. 
               Table 1. 
                               Height  of
     Date                                     Observation  (
cm)  (m)  
 Summer, 1947  u75=13.9u, 5.5 15, 10, 5.5, 3, 1 
 Summer*, 1948  t!'5  —12.4u* 3.5 5, 3, 1.5, 0.6, 
 October**,1946  —14.5u, 1.5 5, 3, 1.5, 0.6
 Remarks  :  *cut grasses. 
           **cut grasess and  flatten the ground. 
 As the vertical distribution law of wind 
velocity, we use* logarithmic relation, 
 =2.3  u*  log')  z 
 Z 
where  Ti is the mean velocity at height  z, 
  _ )u*(-pi         )s the friction velocity (r0 surface 
value of the horizontal shear stress ;  p fluid 
density),  ; is a parameter indicating the 
roughness of the ground when the lapse rate 
of the air temperature does not change very 
much, and  i is a constant, usually to be taken 
as 0.4. The numerical values of  u* and  ; are 
shown in Table 1. In the observation made
* The most reliable formula of the velocity  dis -
tribution  is given as follows,  tu= - Kou:0)  
[(z  1-13   -T)-)  —1), where /3 isa function of  RICHARDSON 
 number. But there are several logarithmic  repre-
 sentations of the distribution of  .wind velocity  : 
                    (pRANbTL),2.3            10_10z+zo  lcZolo 
 Z—Zo (P
AEscmcE)logio(+ az/100)               ,and lid-  zo logio(i+a) 
 (surroN). We take this formula for simplicity. K. 
 TAREDA discussed the relation between  zo and 
 stability of the atmosphere based on this same 
 simple formula. (Journ.  Meteor, Soc. of  Japan, 2n I 
 Series 27 363 (1949), in Japanese). 
j. E. L.  DEACON, Q. J. Roy. Meteor. Soc., 75  89  (1948)-
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in summer 1948, we cut grasses in the circular 
area of radius 20 meters with its centre at 
the wooden tower, and in October 1948, more-
over flattened the ground in the same area. 
The numerical value of  zo is about 3 cm in 
the  mean. In the observation of ROSSBY and 
 MONTGOMERY0),  z0 is 3.2 cm in the open 
grass land, and on the other hand,  z0 obtained 
by  PAEScHKE0) is 3.2 cm in the low grass 
land, and 2.1 cm in the  "  Blachland". Our 
values of  20 is nearly coincident with them, 
and becomes smaller as the ground is more 
flat. Our values of  z0 are only reasonable 
when the lapse  rate of the air temperature 
is adiabatic, but in the state of the surface 
of the ground, in which roughness of it is 
large, the effect of the state of the atmos-
phere to the value of  z0 may be small. 
§  4. The Lapse  Rate of the Atmosphere. 
 Measurement of air temperature were carried 
out by the  electric resistance thermometer. 
The parts sensitive to air temperature are 
shown in Fig. 1. They are designed to have a 
small time  lag and attached under the circular 
disk of the hot wire anemometer with a thin 
 alminium blank cover to protect from insola-
tion (see Fig. 19). The thermometer for mea-
suring the surface temperature of the ground 
was placed on the ground and covered by the 
thin soil over the upper surface. During the 
measurement, we found out that the variations 
of air temperature were remarkable when 
the sun shine heated the ground and they 
often amounted more than 2°C within 3 min-
utes. So, in order to measure the mean value 
of an air temperature, a resistance thermom-
eter with a metallic cover, the type of 
which is commonly used in heat engineering, 
would be suitable because of its largeness of 
the time lag.
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 In the observation during summer, we used 
an automatic recording instrument with six 
exchange switches. When the variation of 
temperature is large, points on the recording 
paper indicating the air temperature, fluc-
tuated very much, that we could hardly trace 
points in the air layer above five meter, in 
which the gradient of temperatue were rela-
tively small. Some examples of the records 
obtained are shown in Table. 2. In  summer 
 11111111111111111111111111M111111111111111 
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Fig.  i Temperature-Sensitive Parts of 
    Resistance Thermometer (above,for
    air temperature;  below, for surface 
   temperature of the ground)
Table  2• Vertical Distribution of 
        Temperature (°C)
Surface of 
the Ground
Summer 
 1947
i  71.5 
68.5 
62.9 
33.0 
21.2 
22.2
Heights Observation
 
1  m
33.5 
33.0 
32.9 
26.5 
23.4 
22.5
3m  5,--,10m
31.3 
30.5 
31.9 
27.6 
23.9 
23.5
30.0 
30.5 
30.8 
29.0 
25.2 
24.4
Time
 h  m 
 12  00 
 13 00 
 14 00 
 13 00 
2 00 
3 00
 Winter 
 1948
Surface ofl
       13m the Ground
 2.2 
 15.6 
 7.0 
 6.0 
20.0
3.3 
14.8 
5.2 
7.3 
10.2
4.4 
14.2 
4.9 
7.3 
9.3
5  m
5.1 
13.9 
4.7 
6.9 
8.7
 10  in  15m
6.1 
13.7 
4.1 
6.5 
8.6
  6.3 
 13.6 
  4.0 
  6.4 
  8.6
 Tim(
  hn 
 18  3( 
10 
11 3( 
15  2! 
18  4!
1947, very hot and fine days continued and 
we had no rain more than forty days. So the 
soil became very dry. The surface  tempera-
ture of the ground reached to 60-70°C in the 
daytime and the temperature difference more
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than 35°C was observed between ground and 
1 meter high, and also of 2°C between the 
air layer of  1 and 5 meters high above the 
ground. In the night, the air layer was stable. 
In winter, we had a small lapse rate in the 
day-time, and the temperature difference 
between the ground and the air layer of 1 
meter was about 2°C, and between the air 
layer of  I and 3 meters is  0.5°C-1°C. In fact, 
the observation of the surface temperature 
was limited to one spot, so the real mean 
surface temperature averaged over whole 
field might be different from these values 
(see § 21). But the fact that the air layer 
in the adjacent part of the surface of the 
ground was much unstable in summer than 
in winter, seems to be correct. 
                Chapter 2.
  Fluctuations of Velocity along the Mean 
  Flow and Their Related Phenomena. 
§ 5. Measurement of the Fluctuation of Wind 
    Velocity. 
 We measured the variation of the wind 
velocity along the mean flow with the hot 
wire anemometer. The hot wire was a  plat-
HIOTANI
Pgotograph. 2  Supporting Arm for  Hot 
    Wire and  Resistance Thermometer.
 inum one,  0.03 mm in diameter and 5 cm long. 
The wire was stretched vertically with a 
spring at one end to give a moderate tension 
to it, and was protected by a circular disks 
of 20 cm in diameter at both ends. The wire 
was inserted at one  arm of  WHEATSTONE 
bridge and variation of wind velocity was 
recorded by an electromagnetic  oscillograph• 
The details of the electric circuit for mea-
surement and the method of calculation of the 
wind velocity from the record were already 
described in the previous  reportm. With 
this anemometer we could record accurately 
such a rapid fluctuation of wind,  frequency 
of which is less than seven meter per second, 
that we read the instantaneous value of the 
velocity at every 0.5 or 0.4 second from the 
original record, and from these values during 
five minutes, we calculated several aspects 
of turbulence. 
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  Fig. 2 Diagram of 
        the Hot Wir
 A  : brass  B:  eb 
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§ 6.  The:Frequenc 
    Velocity Flucti 
 Some examples 
representing the f 
of  ut are shown in 
instantaneous  velo( 
show approximate 
distributions.  How(
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   e
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  :Fr cy Distribution of the 
Velocity uation. 
n of the histograms 
senting requency distribution 
Fig. 3,  ut being the 
 t  city at time t. They 
 ly normal Gaussian 
i . ever, in general, they
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show slightly skewness,  it is especially  re-  N 
markable in the histogram of 27th January, 
in which maximum frequency of  ut  shifts  veto 
towards the side  of high z  -,5-- 
velocity. On this day strong 
                                                                                                   , wind was blowing and the H 
phenomena of the  "breathing 1 
         — ^
of wind  " were remarkable  ,,--, 
                                                      ,,,,-,-1..5----;`45-1" (AA)
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 .4  Jr  7  ST 
-   
- 
 24,-  LI  Ltd,  ( 1.5/5 
    /J 2 
                                                                5trt_ 
    II 7 
A  a?"  ,5  4.‘"0.4) 
 sr  
\ 
Z  Z 
,  if  (  7/)  5  I  IC' 
Fig. 3(c)  DiAributiorn of Fig. 3(d) D 
 /4, Aug. 13th 14h  24m  Jan,  27t 
above 5 meters high, and fluctua 
velocity during the  "  cut of breath 
ponded to the parts of  low  veloa 
 histograms. 
§ 7. Energy and Intensity of  Turbt
Lt  
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 We now calculated the mean  value  • of 
n
 .2'  ut 
l city  14 by a , where  ut is an in-                n 
     stantaneous value of velocity at the
 751-  B7S  795- 
 11 
• 
 [\,L 
 r  2.r  613  irrOxls) 
, 
 sus—  1-ST  (m/5.1 
 istribution of  ut, 
h  11h  30ru 
l tions of for  s 
 "  corres-
              of A/  velocit
y of the 
 tunn 
                at  n Turbulence.
for  some case are shown 
 are much  larg 
 El (the magnitude 
at  most), but the  ver1
 time t and n the total number of the 
 readings, and obtained  u'  t ,which 
 indicate the turbulent component of 
 velocity along the mean stream at the 
 time  t. We further calculated the energy 
  21Piet— 
 ——2         and the intensity of turbulence 
   In summer, the wind velocity was 
 generally low, and was at most about 
 4 or  5m/sec at 16 meters high in the 
 daytime.  But, in winter, the wind ve-
 locity was generally high, and we could 
 record the wind structure even at the 
 wind velocity of nearly 10 meters per 
 second. Among these records, however, 
 we prefer to the case of 3.3m/sec and 
 5.7m/sec at 16 meters high for the 
 sake of comparing them with the obser-
 vations in summer. 
  The vertical distribution of are 
 shown in  Fig' 4. They seem to be 
 independent of height in summer, but 
 in winter, they show maximum values 
 at the heights of 3 to 5 meters, and 
 then decrease. The latter tendency in 
 the distribution curves is  often seenin 
 the observation in the wind tunnel. 
  The magnitude of  re'2 is smaller in 
 winter than that in summer in the air 
 layer above 10 meters high. 
  The vertical distributions of  ^ii'2/it 
 ) e   n in Fig. 5. Magnitudes 
    h  er than those in wind 
  nitude of which is about 0.05 
 t), t  tical distribution has
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the same tendency as those in the wind 
                                     '2 
tunnel and values of it decrease upwards 
from the ground. At 3 meters high, they take 
the values 0.15 to 0.25 in summer and about 
0.15, in winter.  In the air layer above 10 
meters, they take the value about 0.1 to  0.2 
in summer and less than 0.1 in winter. We 
could ascertain that the fluctuation of wind 
velocity is smaller in winter than in summer 
and this tendency becomes remarkable above 
10 meters high above the ground.
 is 
 N 
7.1 
 /0
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§ 8. The Eddy Viscosity by the 
    HESSELBERG. 
 Now, we shall discuss on the 
  Table 3. Vertical Distribution
Method of 
duration P, 
 of./  io /it
 Height(m) 
 Da
15
      th  h  m 
 Aug. 12, 15 32 
Aug. 15, 13  51 
Aug.  34, 9 5 
Jan. 16, 11 6 
Jan. 29, 15 25
0.13 
0.20 
0.09 
 0.04
10
0.13 
0.12 
0.21 
0.09 
0.09
*  5.5  3
0.14 
0.14 
0.21 
0.13 
0.15
0.11 
0.17 
0.24 
0.14 
0.15
0.19 
0.23 
0.26 
 0.17 
0.18
 x  w
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Fig. 4 Vertical Distribution
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of Fig. 7  Vertical  Distribution of 
Aug.  12  th,  15h  32m 
Aug.  15  th,  13h  5Int 
Aug.  14  th, 9h  5w 
Jan.  16  th,  1  ih  6w 
Jan. 29 th, 15h  25w
 Remark  : * 5 meters in winter. 
                the mean period of fluctu-
                ation, which is defined as 
l'I
t,,11111                 has the same sign. The                 twice the ean value ofhe duration in which u'                magnitudes are about 6
                 seconds in summer and
  A less than 6 seconds in win-      0 ,. 
                 ter, and do not change 
 al02             03 their values with height. 
  • 
 ani: The calcuated values of 
 Vertical Distribution the scale of turbulenceor 
of ,s/i72/i4 
                the mixing length, which 
               1     is defined as
2                                         —.,/  Zu'2up,
,  . 
                are shown in Fig. 6. In 
 • summer , they increase 
. . . almost linearly  
. upwards. 
                 In winter, they increase
                upwards up to 5 meters 
                high, and then keep a 
                  constant value or rather
                 show a tendency to de-OS 02'.5- 1.0 
   K x (        m'/sc.,) crease slightly upwards. 
 ibution of 1/4  ir2  P The scale of turbulence 
                 is larger in summer than 
                in winter, and their dif-
                  ference are remarkable
                above the layer of 10 
                 meters high.
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Table 4. Vertical Distribution of  Eddy 
       Viscosity (m2/sec).
 Date
      th  h  rn 
Aug. 12, 15 31 
Aug. 15, 13 51 
Aug. 34. 9 5 
Jan. 16,  11 6 
Jan. 29, 15 25
15
0.47 
0.89 
0.13 
0.05
 10
0.26 
0.38 
0.86 
0.13 
0.25
5.5"
0.25 
0.22 
0.36 
0.15 
0.39
3
0.08 
0.18 
0.41 
0.14 
0.36
  Remark : *5 meters in winter. 
 1 -  Next
,  we  define-4 u' P  as  the  eddy  
 cosity  (HESSE  LBE  R  (;).  Its  vertical  distribution 
for some examples are shown in Fig.  7.7he 
values of eddy viscosity are about 0.2 to 0.3 
m2/sec in the air layer up to 5 meters  high. 
In summer, they increase upwards, but in 
winter this increasing tendency stops  about 
5 meters high and  then they are constant in 
a weak wind but slightly decrease in  moderate 
(and strong wind). 
§ 9. Correlation of the Velocity  Fluctuations. 
 The several results above obtained  are  not 
 sufficient to investigate structures of  wind. 
We must further evaluate the spacial and 
timely correlations between the velocity  fluc-
tuations. In our case, the velocity  fluctuations, 
which we can use, are only those at five  defi-
nite points along the vertical directions in 
the air layer. So the correlations,  directly 
obtainable from the date of  observations, are 
the timely correlation  /4 between  u'5 at  time 
t and  u't+E at time  t+  C at a definite  poi.
and the spacial correlation  Ry between  u'0 at 
point 0 and  u'v at another point,  separated 
from 0 along the vertical line. From  /4  the 
scale of turbulence in the vertical  direction 
can be deduced. 
 In the turbulent flow at large  REYNOLDS 
number, there are transportation of  energy(12) 
 from the mean flow to the turbulent flow  a:
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     from the velocity fluctuations of low frequen-
     cies to those of high frequencies, without 
     accompanying the dissipation of the energy, 
  and finally its dissipation occurs in those of 
0.16 highest frequency (smallest eddy). So, we 
0.17 
     cannot dare to say that we can obtain the 
0.29 
0.10horizontal scale of turbulence from our data. 
0.26 But it is admitted to say with a statistical 
     approximation, that the timely process of the 
     velocity fluctuations at one point is equal to 
     the spacial distribution of them along the 
 ion mean flow at a definite time (ergodic hypoth-
     esis), we can discuss the distribution of 
.  eddy along the mean flow. 
 gh.  HESSELBERG and  BJOIIKDAL stated (Beitr. Phys. 
 fr.  Atm., 15 121 (1929)) the conditions which allow 
 p t - the ergodic hypothesis to be valid as  follows,:  (i) 
        The mean value of wind velocity does not change
        essentially in the duration of observation41.(2) 
 ate          The intensity of turbulence does not change ssen-
        tially in  At.  (3) 41 is so large that the all phases 
         of turbulence are included in  N. 
       Moreover, if  14 are known, the spectrum 
  of turbulence can be evaluated. 
 . 
t (a)  Rt-Correlation. 
 - In general, there are two forms of  correla-
     tion curves of .14: (1) It decreases to 
 i- zero asymptotically as  $ increases, or (2) 
decreasing monotonously, it cuts  $ axis and 
 tly after passing a small negative minimum value 
i   (legs than  -0.1 ordinary), tends to  $---axis. The 
 position, at which  Rt curve cuts E-axis  ($ T) 
 nt, is generally correspond to the value of  $ of 
 20 to 30 seconds in the air layer above 10 
     meters and about 15 seconds in the air layer 
  below 5 meters.  Rt curves are well  approxi-
    mated by over the wide range of  $. But, 
     sometimes exceptional cases are observedin 
  which  Rt-curves do not approach to zero 
 (12) exponentially and rather have a flat portion 
 nd en route.
 t0 
 73 
0.S
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ZI 
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., 
   25m
 along the vertical line, are shown 
And Ry-curve, which is described 
an  origin, is shown in Fig. 9.  TI 
 distance of two neighbouring  poi 
 servation is too large to obtain st] 
 small eddies. 
 In general, correlation becomes 
the wind velocity decreases. They 
than 0.5, when y was larger than 
and mean velocity was less than 5 
 beca: larger as the mean velocity 
In winter, they were smaller 
with those in summer. Especially
-These facts indicate that the wind 
   implies fluctuations of very long 
   period compared with the duration 
-of observation, or a large amount 
   of fluctuation with a definite period. 
 - We can understand directly from 
   the form of  Re-curves that generally 
 2$ the smaller becomes the size of the 
   eddy, the larger becomes its amount 
           which is included in the 
             wind, and we cannot say
            that over the flat field 
  eddy of definite size pre-
            dominate in the wind.
            Some examples of  Re-
             curves are shown in Fig.
 2s   0'0 
            6. As seen  from the fig-
            ure, the time T, at which 
-value of Re takes zero becomes 
    smaller as the mean velocity  de-
- 
    creases or the height of  observa-
-tion lowers. 
        (b) Ry-Correlation. 
— The  correlation  coefficient of 
    velocity fluctuation between two
    points which are separated by y 
 t- the vertical line, are sho n in Table 5. 
- urve, ich cribed  z=15  m as 
 i , n .  he vertical 
 ce   i hbouring  ints of  ob-
i i   e  t in ructures of 
 l ies. 
general, correlation beco es smaller as 
ind l city reases. y were less 
, , n  er   10 meters 
n l city    m/sec, and 
 me er   n l city increased. 
inter,  r  ller compared 
 se er. cially values of
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 Ry, were much larger than usual on Aug. 14th, The values of  R, generally 
 911 a.m. at which the ground temperature was onously as y increases. But, 
increasing rapidly and the instability of the slow that even at y  =14 m 
air layer was considerable near the ground. are far different from zero. 
                            Table 5.  Ry-Correlation
 175 
decrease monot-
this rate is so 
the values of  R,
Height(m) 15 10 5.5 3 II  Height(m)15 10
15 
10 
5.5 
3
1 0.70 
 1
0.69 0.59  0.55 
0.68 0.61 0.55 
1 0.73 0.59 
 1 0.55
P 
i
i i 
1; 
~' i 
~I
15 
10 
5.5 
3
1 0.55 
 1
5.5 3  1
f 0.52 
0.62
  0.37  ' 0.25 
  0.50 0.36 
  0.67  3 0.51 
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 §  10. The Spectrum of Turbulence. 
 Next, using  Rv-curves already obtained, we 
can calculated the spectrum of turbulence. 
Let F(n)dn be the part of  7?"2, the fre-
quency of which lies between n and  n+dn, 
then 
 F(n)=  45  Rt cos  27rnE-de, 
 0 As the period of fluctuations is large in
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 natural wind, it is convinient to use the period 
T instead of frequency  71. Then, from the 
relation F(n)dn,----F*(T)dT, we have 
        4 - 277    F*(T) = .Mcos T e  de. 
 0 
  To carry out above integration,  Re is rep-
resented by the  formula  :  Re=e-Ae+lre where 
 R'e is a small correction. The integration in-
cluding R'e is calculated by graphical method. 
F*(T) curves are calculated for the observa-
tion on Aug.  19th9h5m, Jan. 27th11h30miuand Jan.
29thG 15'29'n at the position 1 and 10 meters high 
above the ground. The values of T ranges 
from 3.2 to about 40 seconds. In the case of 
the calculation of F*(T) in the range of T 
less than 3.2 seconds, the values of  Re in the 
range of less than 0.4 must be used. As 
 Re-curves are obtained from the reading of 
the original records at every 0.4 seconds, the 
calculation of  :F*(T) at  T= 3.2 is  meaning-
less. When T is larger than 40 seconds, 
the values of F*(T) are generally small. So 
the approximation of Re by  e-At is  sufficient 
to calculate the integration in the range of T 
larger than 40 seconds. 
  The curves calculated are shown in Fig. 
10. In the layer of 10 meters high, the part 
of energy due to fluctuations of short period, 
is not so different from that of long period, 
but in the layer of 1 meter high the difference 
is very considerable. How much of the whole 
turbulent energy is distributed in the range 
of periods from 3.2 to about 40  second, is 
obtained by integrating F*(T) between the 
both limits of T. The result is shown in the 
 follwing table. 
 In the layer of 1 meter high, about 60% of 
the total energy, and in the layer of 10 meters 
high, about 30 to 40% of it are implied among 
3.2 to 40 seconds. If we calculate parts of
 SHIOTANI
 th  h  mii  tit  h ml Date  1Jan. 27 11 201 Jan. 29 15 25IAug. 
                  1
 Heigh  t  (  m  )
 s
F*(T)dT 
 Limits of 
 Integration
  I 10 
0.64 0.42 
(3.2, 43.2)
 1 10 
0.65 0.57 
(3.2, 40)
 th  0 m 
14 9 5
  1 15 
0.56 0.31 
(4.0, 48.0)
short  periodsf  T F*(T)dT,  ( i=  4  sec), by  ex-
                0 pressing Re as  e-''C, it is about 30 to 40% at 
1 meter high, so almost all the part of energy 
are confined in the fluctuations, the periods 
of which are less than 40 seconds. But, in the 
air layer of 10 or 15 meters high, more than 
 30% of the total energy are implied in the 
fluctuations, having the longer periods than 40 
seconds. 
   V.  WEIZSACKER. shows theoretically that the 
 frequency distribution of the turbulent energy Fin) 
 5 
 is  proportional' to  n  3  in the isotropic turbulence 
 at large REYNOLDS number. He also shows that the 
 coefficient of diffusion deduced from above fre-
 quency distribution is good coincident to the exper-
 imental results given by  R. F. RICHARDSON. If we 
 use the period T, instead of n, F* (T) becomes 
 proportional to  Ti..Our spectrum curves shown in 
 Fig. 10 are well expressed by the power formula: 
 F*{T)=cT-m, and value of m is shown in the  fol-
 lowing table.
Date
 Height (m) 
Value of m
      th  h  m 
 Jan.  27  1  1  20
1 10 
1.2 0.43
      th  h  m 
 Jan.  29  15  25
1 10 
1.0 0.53
      th h  m 
Aug. 14 9 5
 1 15 
   0.29
   In the air layer of  I0 and 15 meters the value 
 of m becomes nearly the same one as expected 
  from the theory of v. WEIZSACKER. 
   This fact  shows the isotropy of the air  flow 
 is not held in the layer near the ground, but the 
 higher becomes the air  layer, the more the air  flow 
 approaches to the state of isotropy. 
§  11. The Scale of  Turbulence., 
 The scale of turbulence can be evaluated 
from the correlation curve Re and  Ru as 
described in § 9. If eddies of the same size
                     TURBULENCE IN THE 
are only distributed in the field, the scale 
(or the size of the eddy) may be defined as 
the length from the origin to the position at 
which correlation  coefficient takes minimum 
value on the graph. But, in the wind, as may 
be seen in the curve of  F*  (T), eddies of all 
size are distributed, and there is no particular 
eddy which predominates. So, the correlation 
curve does not show any distinct minimum 
and even the accurate position  at which the 
value of correlation reaches to zero, is miss-
ing. Therefore, in the turbulent flow, "the size 
of the eddy" has only the statistical meaning 
and must be defined by statistical expression. 
It may be defined as the length which shows 
the mean size of the eddies. And,  if this can 
be used as an element for evaluating the mix-
ing  length95) (in the meaning of  L.PRANDTL  ), 
or the coefficient of diffusion in Fickian differ- 
                                 au entialequation ( heform of which is at 
_8au8eu8(8u)_  ay(K.Ti-)±—8.3(K            -,,T-y)+- z), 
it is very favorable to us. In his discussion 
on the diffusion in the turbulent motion, 
 G.I.  TA  YLOR('"), using the Lagrangian  correla-
tion  Rt  ,defined  u'2f  R dE as a coefficient 
of diffusion. In the Lagrangian  way,fret  dE 
 0 represents the  "  Verweilzeit" of air particle 
moving  random  way.f  Rg dE by Eulerian 
 0 way, which we could calculate from obser-
vations, is of course different from that by 
Lagrangian way, but the relation between
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They are shown in Table 6 and their vertical 
distribution are also shown in Fig. 11. Their 
magnitude are in general few meters and 
    Table 6. Vertical Distribution of 
 f  (16 (m)
Date
 Height  (
Aug. 
Aug. 
Aug. 
Jan. 
Jan. 
Jan.
 th 
12, 
 13, 
14, 
15, 
27 
29,
15 
14 
 9 
18 
11 
15
 h 
32 
24 
 5 
30 
30 
25
15
5.0 
5.5
5.3 
1.2
 10
2.06 
2.6 
5.7
8.0 
2.6
 5.5*
1.45 
2.1 
 4.1 
1.0 
6.8 
1.9
3
1.3 
3.1 
2.6 
0.4 
4.0 
1.4
1.0 
2.6 
2.5 
0.3 
2.3 
0.9
  the both are  calculated("), if we consider  RI
  curve only in the neighbourhood of the origin 
  on the graph. Therefore, we shall define 
 D
.Rt dE (T is the time at which  RR first 
  cuts  --axis) as one representation of the 
  scale of turbulence (or the mixing length).
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become larger as the wind velocity increases. 
When the mean velocities are same, they are 
larger in summer than in winter. They in-
crease upwards almost linearly in summer, but 
in winter, this increasing tendency stops at 
about 5 meters and above this layer they are 
nearly constant or rather slightly decrease, 
 after passing through a maximum value at 
about 10 meters high. 
 Next, we shall calculate  u  f  RE  dE. As we 
 0 have already discussed, this represents the 
scale of turbulence along the mean stream, 
assuming that the pattern of turbulence trav-
els downstreams without deforming. They 
are shown in Table 7 and in Fig. 12. They are 
four or five times larger than A/ 17—t2  f  RE dE. 
    Table 7. Vertical Distribution of 
 uf  RE  cl$ in Meter 
 0
 HIOTANI
Date
 Height(m)I 15  10 1  5.5* 3
th h  7,11
Aug. 13, 14 24 23.6 17.1 12.7 14.5 10.9
 Aug. 12, 15 32 12.9 15.3 10.3 11.7 5.4
 Aug. 14, 9 5  27.2 32.2 19.5  11.2 9.7
Jan. 15, 18 30 5.6 2.5 2.2
Jan. 27, 11 30 42.5 55.7 38.0 21.0 12.9
Jan. 29, 15 30 28.4 31.5 15.8 9.2 4.9
       Remark  :  *5 meters in winter. 
Their behaviours with respect to height, 
mean velocity and  gradient of temperature 
                                       T are similar to those of A/u'2f  Rt  de, as 
shown in Fig. 11. 
 If the mean velocity does not change along 
the vertical direction, the scale of turbulence 
in the vertical direction is defined  byf Ry dy, 
 0 where  Y is the value of y at which  R5-curve 
first cuts the y-axis. • 
 As this condition does not realize in the 
lowest layers of the atmosphere, we cannot
evaluate the vertical scale from our data. But, 
estimated  from the value of  R5 in Table 5 or 
curves of Fig. 9, the scale of turbulence in the 
vertical direction seems to take the same 
tendency  as^ Rt  de or  uf  TRt  d$  .
0  0 
               Chapter 3. 
   On the Fluctuation of the Vertical 
    Component of the Wind Velocity. 
§ 12. On the Instrument for Measuring the 
    Direction of Wind by Hot Wire Ane-
     mometers (Hot Wire Direction-Sensi-
     tive Meter). 
  In the natural wind, the measurement of ver-
tical component of velocity fluctuation  wog) 
and its correlation with  u'(19),(20) (component 
of velocity  fluctuation along stream) were al-
ready carried out, but the time lags of in-
struments using for observations were rather 
large. In the investigation  of Chapter 2, we 
discussed various properties of turbulence 
only from the  fluctuation of wind velocity 
along mean stream u'. But, in order to have 
the knowledge of transportation of physical 
properties in  the turbulent flow over the 
ground, it is necessary to obtain the coeffi-
cient of the  "  Austausch" to the vertical 
direction. As, in the lowest layers of the 
atmosphere, the isotropy of turbulence is not 
realized and the knowledge of only u' is not 
sufficient for the investigation of turbulence, 
so that direct measurement of w' is desired. 
 Two hot wire anemometers, with the same 
linear dimension, were stretched to  be right 
angle to each other (and placed to be 45 
degrees to the direction of wind). Several  di• 
rection meters using in the wind tunnel were 
already designed by  SIMMONS and  BAILy(21), 
J. M. BURGERS (22),  WATTENDORF  (-3), and 
 REIDHARDT("),  but they all had a common
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defect that  .the range of measurable angle 
is narrow. But, with our apparatus, we can 
obtain the direction of wind, with the mea-
surable range  More than 30 degrees and with 
the linear sensitivity. 
 (a) The Working Principle of the Direction 
      Meter. 
 As shown in Fig. 13,  zi and z2 are values 
of electric resistance of two hot wires re-
spectively, and  Zs and z4 are those of fixed 
resistances. If the angle of inclination of wind 
velocity  sv is zero, the relation  z1  =  z2 is hold, 
as the dimension of two hot wires are the 
                         1,3 
       A - -I  1 
                 re  g 
 Ze 
      Fig.  13 Eelectric Circuit for  Direction-
              Sensitive Meter
I
     Photograph 3. Hot Wire Direction and 
                  Speed Meter 
same, and the heat loss from two wires is 
equal. 
 Therefore, the electric current through the 
diagonal circuit 4 is zero. Next, if  co is small,
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the amount of increase of  zi is equal to that 
of decrease of z2 and then 4 becomes pro-
portional to this change of the electric resis-
tance of the wire. We can really obtain the 
analytical relation between 4 and  V  ,assuming 
that the heat loss from the hot wire be 
 K(61,„--0a), where  .6. and  0a are temperature 
of hot wire and surrounding air respectively, 
and K is a constant depending on the wind 
velocity, its direction to the wire and  (z  ,0+ 
273  )/(6'a+273). But, this relation is valid only 
in the case when  o is small. So, practically, 
the relation between  Co and  ig is to be ob-
tained by the experiment in the wind tunnel. 
 (b) Chracteristics of Direction-Sensitive 
       Meter. 
 The electric resistance of hot wire is about 
5.8 ohms at 25°C, and the values of  zi and z2 
are 10.2 ohms.  (4—co) curve, obtained by  ex-
JO periment in the 
 i=7414 wind tunnel, is 
   k4-. 
 z' S.9 "1/s shown in Fig . 14. 
 ° /1.7% 
        r.).775,,, When the mean 
  1A velocity is c n- 
 20stant, the values  I 
 pr of  the  diagonal                        current are direct                    nlyatpioronpvortaionridalthtoe        theang f  incli-  /0 
       0
i 
 ll   Arange of propor-  Ftionality extends                        from -30 degrees                        up to 30 degrees.
 0 /0 .20  .30But, as the mean  
.  5o  4,v4,4, velocity increases. 
Fig.  14 Calibration Curve of the reading  of  i, 
 Direction-Sensitive Meter becomes smaller 
at the same angle of inclination  v. For exam-
ples, at 30 degrees of inclination the change
 4
n'i
s
1 1.7%
711.775
 ,I IA
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 of the reading amounts to about 10 percent 
 of the original value, when the mean velocity 
 changes from 5.7  m/sec to 14  m/sec. There- 
 fore, for the recording of such rapidfluctua- 
 tions of wind direction as those observed in 
 the atmosphere, we shall have to expect that 
 the error of few percent may be implied in 
 the data. When the mean velocity increases 
at the same angle of inclinationc9, the heat 
loss from the hot wires increases and the 
 temperature of the wire decreases and con- 
sequently the electric resistance of the wire 
decreases. As the electromotive force of the 
battery E is equal to (potential drop of  ze) 
+(potential drop of the bridge), (see Fig.  13  ), 
so potential difference between A and B 
decreases. As 4 andshow the same tendency 
with the increase of mean velocity, if we 
take igge as the representative of the value 
ofv, the error above described will be elimi- 
nated. One example of (4/4-49) curves are 
shown in Fig. 15.  Therefore, in obtaining of 
mean value or slow variation of the angle of 
inclination, the error is eliminated by using 
the milliammeter of cross-coil type in the 
place of the ordinary milliammeter. 
§  13. Measurement of the Vertical  Comp°, 
     nent of Velocity Fluctuation. 
 Combining the direction meter above de- 
scribed with the ordinary hot wire anemome- 
ter, the vertical component of velocity fluctua- 
tion w' can be obtained. In this meter, the plane, 
in which two hot wires of direction meter are 
held, must be always parallel to the direction 
of natural wind. As its lateral direction 
changes frequently in the wind, plane made 
by two wires is not always parallel to the 
direction of natural wind. Therefore, to fulfil 
above condition, the direction meter is at- 
tached on the vane as shown in Fig. 16. (Pho-
IITOTANI
tograph 
indicate 
hot wire
 30 
 VA
 1:20 
 e.  e. 
 10
 Fig.
 X  S.7  45/s
A  /0.2,
0  13,9 
 A 6
 15  Calibration Curve of 
 Direction-Sensit ive Meter 
by Con Circuit
 0 
 
 ix 
A
3). AB and AC are hot wires which 
the inclination of wind, and DE is 
which indicates the velocity along 
  the mean flow. 
                 The electric cur-
 x s rents which heat                hot wires, are 
  .   A transferred from 
 O  /. .   0               the fixed part of 
               the instrument to
 cury  pool.  The  through  the  mer-    e  movable  one
                 vane cannot accu-
-/               rapid follow the  fluctuations
             of wind for its in-
              ertia, but we could
               ascertain from our
              experiment in the 
  wind tunnel that 
10 20 30 
 9'  degree the error caused 
 libration rve f  from these  phe-
on-Sens t  ter nomenon was  neg-
ipensating ircuit              l
igible.
 Y  C. 
    Fig.  16 Diagram of Hot Wire Direction and 
           Speed Meter 
 In the measurement of fluctuation of wind 
direction, the electromagnetic oscillograph is 
connected to the diagonal circuit of the bridge 
in the place of milliammeter, and unbalanced 
current  io is continuously recorded on the rec-
ording paper. On the same paper, fluctuation
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of velocity (u') with ordinary hot wire ane-
mometer is also recorded. 
 And  from the record of 200 seconds dura-
tion, we read the instantaneous angle of 
inclination  cot and instantaneous velocity  ut 
at every 0.4 seconds. 
 Let  co' be the deviation from the mean 
value  0, which is nearly equal to zero, then 
w' is given by the following formula 
 w' =  u tan  co'. 
 The measurement was carried out in the fine 
weather in January, 1948, at 1 or 3 meters 
high above the ground. 
§  14. Results of Observations and Their 
       Discussions. 
 The results of observations are shown in 
Table 8 and in Table 9.  ,V  , in Table 8, 
is about 4 to 6 degrees, and distribution 
curves are nearly normal Gaussian type, and 
instantaneous value of co' more than 15 de-
grees are scarcely observed in our case. In 
BECKER's  observation('8) at 1.5 meters high 
over the corn field instantaeous value of  co' 
often extended more than 20 degrees and 
inclination of wind was larger than that in our 
observation. The horizontal intensity of tur-
bulence  .V  n'2  /u is larger than vertical one 
 w'=  /u  , but their difference is very small. 
             Table 8
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 Height  (rn) 
 P4,'  (sec) 
 Pu' (sec) 
 K  z  (m2/see) 
 Kx  (1112/see) 
 u„  (n1/sec) 
 K  z(  u  iv  )  E5) 
 au/az 
 —u'  wl^u'2  •  A/
 0.93 
1.98 
 0.048 
0.24 
0.21 
0.031 
0.243
3 
 1.22 
 1.65 
 0.079 
 0.16 
 0.21 
 0.119 
 0.258
 .4th, 
1•14"
3  wattA• 
 Lt
Height (m)
       (radian) 
       (degree) 
       (in/sec) 
  20/2 (m/sec) 
 1-4/2 (m/:sec) 
 „/  it'  2  / 
^i7/2  /u
0.093 
5.3 
3.5 
0.32 
0.49 
0.14 
 0  09
3
0.112 
6.2 
4.4 
0.36 
0.44 
0.10 
0.00
 ig  I  7  z  --Way)  iS /2 4 b  -6 -1.2ds, 
 44141.4., r711 
     Fig. 17  Frequency Distribution of Angle 
             of  Inclination  w' 
 Next, from the sequence of readings  (Pt,  we 
obtain the period  (HESSELBERG)  P', and 
define the eddy viscosity in the vertical 
direction as  4zv'2 P', (see  § 8). The values 
of P' are smaller than those of P (the period 
of u'). Let the eddy viscosity along the mean 
flow  K. is also defined by  71f  te2  P  , then  K. 
are  3000-4000 cm2/sec, while  Kz in only about 
 1000 cm2/sec. They are shown in Table 9. 
 The values of correlation coefficient be-
                         u'w' 
tween  u` and  w', ,v771,2,s/  are about —0.25 
as shown in Table 9. They are nearly coin-
cident with the value which is obtained by 
 REIcHARDT(24) from the experiment in the 
wind tunnel and are larger than values by 
 MOLLER(") which are calculated from the
182  DI.SH 
observational data of  SCRASE(°) at  1.5 meters 
high. 
 From the relation  r=  —p  u'w', where r is 
the shearing stress parallel to the mean flow, 
 — 
 the  frictional  velocity  u* (= V) is given 
by  , and their magnitudes are about 
0.2  — 0.3  m/sec and are nearly coincident 
 with(3) the value of  u4: which were obtained 
from the measurement of the vertical dis-
tribution of mean velocity. Next, using the 
relation u'w'a ,the value of  KZ is 
                     obtained from the measurement of the ver-
tical distribution of mean velocity. Next, using 
the relation  K, a
z,the value of  K, 
is obtained. As for the value of , we take 
those given by  PAESCHKE, 
 au  =2.5u*/(z—z/o)  (2'0=  0.30m`.  a
z 
These are  0.75/sec at 1 meter high and 0.19 
 /sec at 3 meters high. 
  The values of  Kz are also shown in Table 
9. ICE at 1 meter high nearly coincident with 
those evaluated by  HESSELBERG's method 
but at 3 meters high it is three times larger 
than that by  HESSELBERG's method. 
  Next, the  coefficient of timely correlation 
R't of the angle of inclination is calculated. 
They are shown in Fig. 17.  R't becomes less 
 than 0.3 before  e reaches to 0.4 seconds,and 
attains zero at  $ = 2 seconds in the layer of 
 1 meter, or at =  6' seconds in the layer of 
 3 meters. So, the scale of turbulence in the 
 vertical direction is much less than that along 
 the mean flow. 
  From the facts above described, we can 
 ascertain that the intensity of turbulence of 
 Iv' is to some extent smaller than that of u' 
 but the scale of turbulence of w' is much 
 5  mailer than that of  14% We are sorry that
 S I OTANI
the number of  measuremet is so few that 
state of flow in which we carried out obser-
vation has a smaller turbulence than usual 
as expected from the various values of u' 
component shown in Table 8 and 9. So we 
could not in this observation show the rela-
tions of u' and  iv' in the various meteorolo-
gical and geophysical conditions. The same 
observation was repeated in the field of 
                        /
0.2
 O.  /
lit. '44:get
 172. /a gtt114;Z
0 2
 Fig. 18  R?  -Cor  r  elation 
   Table 10
 (  4,t)
 (In/sec) 
 ,S,/  U'2 (III/sec) 
 ^  9'2 (radian) 
 iv72  (m/see) 
 /171 
 i7v,2 
 P.'  (see) 
 Pw' (sec) 
 Kz  (  riP/sec) 
 KZ  (rtiVsee)
Apr.  13th 
 ohs.,
0.58 
0.25 
0.29 
0.17 
0.42 
0.30 
0.02 
 1.8 
2.3 
0.056 
0.036
Apr. 14th 
 ih5",
 3.03 
 1.43 
 0.35 
 1.05 
 0.48 
 0.31 
 —0.04 
  2.0 
  1.3 
  2.05 
  0.93
Apr. 14th 
 10h201"
5.05
1.78 
0.20 
 0.89 
0.36 
0.18 
0.28 
1.8 
1.0 
2.9 
0.41
 'Right, of observation is 2  in.
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Mitaka in the suburbs of  TOkyO. The results 
are shown in Table 10. Quantities of turbu-
lence are larger compared with those in Ibaragi 
Prefecture. Especially turbulence along the 
mean flow is larger and distribution of u' 
is far different from Gaussian type. Vertical 
fluctuations do not increase in proportion with 
the turbulence along the mean flow. We do 
not discuss further in the case, because states 
of the surface of the ground are much irreg-
ular at Mitaka. 
                Chapter 4. 
  On the Fluctuation of Air Temperature 
       and Their Related Phenomena. 
§ 15. Measurement of Fluctuations of Air 
 Terverature. 
 There are  often seen fluctuations of air 
temperature in the turbulent flow. They were 
 alreia.dy investigated by A.  SCHOENLOCIC8), 
and M. J.  HOLTZMA  NN(29) by the aid of 
ASSMANN's thermometer for examining the 
accuracy of temperature measurement in the 
atmosphere. Also, the vertical distribution 
of air temperature and their diurnal variations 
were discussed by  GEIGER(3°). On the other 
hand, G. ROBITZSCH stated that fluctuations 
of temperature were always observed when 
the wind became strong and gusty, and their 
amplitudes increased as the intensity of 
insolation increased. Recently, they were in-
vestigated for the intensions of studying 
the rate of evaporation from the surface of 
the ground (1943), or of obtaining the fine 
structures of refractive index for the study 
of the propagation of microwaves in the lower 
layer of the atmosphere (1948). Moreover, 
for the evaluation of the  coefficient of eddy  _ 
conductivity in the turbulent layer near the 
ground, COWLING and  WHITE(25) stated that 
it is not  sufficient to know only the rate of
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 change of mean temperature at various 
 heights along the vertical direction as G. I. 
 TAN-1,0RP8) did, but necessary to measure 
 fluctuation of both air temperature and ver-
 tical component of wind velocity at the same 
  time. 
   Fluctuations of temperature were inves-
 tigated by the aid of the electric resistance 
 thermometer made of slender nickel wire. 
 Together with the measurement of wind  ve-
 locity, timely varition  of instantaneous value 
 of  temperature were recorded by the electro-
 magnetic oscillograph  cwith D-type vibrator* 
 manufactured by  YOKOGAWA Electric  Com-
 pany). 
   (1) Resistance Thermometer. 
   The resistance thermometer is made of two 
 nickel wire of same dimension, each of them 
 has  0.04  mm in diameter and 40 cm long, and 
 is stretched  zigzag, as a filament of tungusten 
 lamp of old style, between hooks attached to 
 the circular disks made of ebonite. These 
 disks were attached respectively to two  sup-
- porting arms of hot wire (see  Flg.  19)• Both 
 ends of two nickel wires were connected to 
 terminals of lower disk to make a parallel 
 connection. The thermometer had no cover 
 for protecting from sun shine and long wave 
 radiation  from the  surface of the ground, but 
 it was already proved that if the dimension 
 of the wire was small and its surface was 
 brightened, the raise of the temperature of 
 the wire due to radiation was almost negli-
 gible. 
  (2) Electric Circuit for Measuring the Air 
       Themperature. 
   The resistace thermometer is inserted in
 D—type vibrator  : Sensitivity 600  nuu/mA, natural 
 frequency 150 cycle/sec, electric resistance 6.5 
 ohm,  maximum  allowable current  imA, usable 
 xnaxi^um frequency 100  cycle/sec.
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one arm of WHEATSTONE bridge(see Fig.  20)• 
When the galvanometer, connected in the 
circuit of Standard Cell is put in the balanced 
 position by  adjusting  z'e external current of 
 (a)
 EL
 Wax-
for,  iluctiaLtion  oi  -temperature
 Resst2L-riCe  tfierin  ometi) 
 for  litevet.teJltr  nitare 
 (c.)    rr-a 
  111111111W) 
 tkA  Eboni
 (3o,((trEtvz 
  Viire:11,
                 mpr pt         Or
kigin       110 o 
 AIIIIIMMa%  tie  Hot  were_ 
  Fig. 19 Electric Resistance Thermometer for 
         Measuring Fluctuations of Temperature
the bridge i has a definite value 10 mA. Let 
the current of oscillograph be i, then from 
the law of  KIRCHHOFF, the following relation 
holds, 
 X=R(1+ is(  r+R+2r,r+R-1-2ry .1)       \. r R)1 
 Resista.n4c. As the value of i is 
 literinowieter                   constant, (when Ze>R, 
                 r and X), the valueof 14111110^ X is easily calculated 
 r 
                  from  ig. Now as the    r
        ,„., S. T.o resistance of thermom-  C7 C
ell 
   %.7 eter be  X0 when the 
 ze temperature of the 
                   surrounding air is To,
Fig. 20 Electric Circuit then the relation  Xo 
 for Measuring Fluctu-  x  {1+  a(T  —T  0)} holds 
  ations of Temperature  where a is the tempe-
rature  coefficient of the resistance, and T is 
given by 
                     - 
       T=To+Xv,X0                           zi_ooc
Being different from cases of 
ations,  ig is proportional to the 
as shown above formula, so we 
scale.
wind  fluctu-
tempera tare 
have a linear
§  16. Errors in the Measurement of Air 
      Temperature. 
 (1) Error by the Pressure of the Wind. 
 Ferromagnetic metals and alloys change 
their electric resistance by the change of 
pressure. And some tension meters have been 
already made by using above characteristics 
(strain sensitive resistance  meter)• As nickel 
wire used for our resistance thermometer is 
influenced by the wind pressure, above effect 
must be examined. The total pressure on the 
wire is2 V2cD1, where V is the  velocity' 
of fluid  in which wire is immersed, d and  1 
are respectively diameter and length  of the 
wire,  P is the density of the fluid and  CD is 
called a drag coefficient and takes the value 
about 2.0 at the REYNOLDS number 20 to  30. 
So the tension  of nickel wire isd  PV2                       4 
 /--d2 and  its numerical value at  V= 20  m/sec 
is about  1.0  X  105 dyne/cm2. On the other hand, 
the change of resistance  AR in no external 
magnetic field, is about 0.01 times of its 
original value R when the tension on it is 2 
kg/mm2,  (1. e.  1.96  x  108  dyne/  cm2). Therefore, 
in our case,  AR/  R is less than 1.0  x  10-4, and 
 in another word the error  AT implies in our 
 measurement of temperature becomes less 
 than 0.02°C and does not affect to our ob-
 served value of the temperature. 
  Actually, in our experiment in the wind 
 tunnel, the noticeable change of resistance is 
 so small at the wind velocity of 30  m/sec as 
 to correspond to the change of temperature 
 0.03°C.
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 (2) Error Induced by the Self-heating of 
    the Wire and the Radiation from the 
      Sun. 
 The short wave radiation from the sun, 
which shine on the wire, is mostly reflected 
from it by the brightness of its surface, but 
some part of it is absorbed by the wire and 
will raise the temperature of the wire. If the 
surface of the wire is blackened by dust, 
this raise of temperature may cause serious 
errors in the measurement of temperature. 
 Now, let temperature of the wire be T, that 
of surroundig air  To, coefficient of heat trans-
fer b, intensity of insolation which shines 
on the unit area of the wire q, density  p, 
specific heat c, specific resistance  a and dia-
meter of the wire d, and current through the 
wire be  i, then, 
   dT  16  i20-  4kq  - 4 - b (T-To) ,  dt f  7r2d4pc pcd pcd
 (1) 
where, k is an absorption coefficient of the 
wire. The first and second terms of right 
hand side of (1) represent rate of increase of 
temperature due to JOULE's heat generated 
by current i and that due to the radiation 
from the sun respectively, and the third term 
represents the rate of decrease of tempera-
ture due to forced convection from the surface 
of the wire. In the right hand side of equa-
tion (1), the magnitude of first term is about 
 10-7 times of magnitudes of the second and 
third terms when the wire is heated with 
strong insolation. So the effect of self-heating 
is wholly negligible. 
                           ANow, r=r0 11.+a(T-T0)} and(') b=0.6-d- 
xvd ),0'4     vwhere r and7'0 are resistances of the 
wire at temperature T and  To respectively, 
and and  v are thermal conductivity, and 
kinematic viscosity of the surrounding air
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respectively. v is the velocity of flow and is 
divided into mean value and timely fluctua-
tion, that is  v=v0+2'  vn, cos  wnt. Above 
relations are substituted in (1), and then 
    1 dr _  4kq2.4A(vod  
   roa dt- pcd pcd 
       (1 -4- 0.42'v
ovncos wn,t ) roa.  • (2) 
                           Now,  r=i+r' and we can divide eqation(2)
into two parts,  i.  e. the part which implies 
mean value, and that which implies the timely 
fluctuations, 
 4hq  =2.4I vod 5.4  i-ro                            (3)
 pcdpcd d11 )  roa 
and 
 _d  r'  4kq-  A(vod\°.4  
t -"pcd-dv) 
                  v„ 
 X (1±0.4Ev
o              -c s w. t)- ro + r')•(4) 
         pcd1eqpcddvvdP*4 Now, we put---- =A and—= B.  P 
From (3), it follows that 
                    A(vod\
10.4   T -To= A/B=kq/0.6d  (5)                          v- 
 The  numerical values of various quantities 
in (5) in the case of our obsevation are 
 following, 
 h  =  0.4,  (1=0.025  cal/cm2  sec,  d= 0.003cm, 
 A= 6.0  X  10-5 cal/cm sec deg,  v= 0.15 cm2/sec, 
and let v={ 1 m/sec, 
            10  m/sec, 
then raise of the mean temperature due to 
insolation is 
              10.63°C,    -To=  (5')               
0.25°C. 
Therefore, on the calm day, when the insola-
tion is strong, the temperature of the wire 
raises more than 0.5°C. But, as our value of 
 k=0.4 is large and this condition seldom 
occurs even in the experiment in the open 
field, so generally raise of temperature may 
reaches at most to  0.3°C in clear and calm 
days. 
  Next let us discuss the fluctuations of  tem-
                         .
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perature of the wire due to fluctuations 
of velocity, when the wire is heated by inso-
lation. From (4) 
     r'roaA     +r' =2'0.4roaAgn cos w.t,--(6)    dt —ro 
                       '
n where g,1=v is the intensity of turbulence. 
             vo 
  Put  {roa/(i—ro)}A=M and  0.4roaAgn=P, 
then the equation (6) is rewritten as 
     dr' 
 dr  +Mr'  =.213„ cos  wit.   (6') 
The solution of equation (6') is 
  r' =ce--1"—P n— COS (U)ntn); 
 nMV1+(tün/MY 
                                   ton             where O
n= tan-' 
 ' 1/M is time constant of the wire and repre-
sented by 
  1 Pcd         = (T—To)                  4k
g • 
The numerical value of 1/M is 0.06 sec. In 
the air flow, which implies velocity fluctua-
tions  of  .frequency far less than  M/27r,  am-' 
plitude of  r'7,  becomes  Pn/M(=0.4roogn(T—To)). 
Therefore,  ^  rinla  /1.0  =.0.4                           agn(T—To).
          A/2 
  Now, let numerical values of a and  g„ be 
 = 5  x  10-3 and  g. = 0.2 respectively, then 
 r',  /ro = 1.8  X  10' at  0=1  m/sec. This 
corresponds to the fluctuation of temperature 
of 0.035°C. But, generally in usual conditions, 
 T—To is smaller than the value above de-
scribed  (5'). So the error due to the insolation 
in the measurement of fluctuations of tempe-
.rature is seemed to be at most 0.02°C. 
 (3) Error Due to the Time Lag of the Wire. 
  In the measurement of fluctuations of 
temperature, if the frequencies f are not 
less than  M/27r, the phenomenon of time lag 
occurs. 
 The values of time lag in the case of 
temperature fluctuations are the same as
R  TOTANI
obtained in the previous case (2). But, 1/M 
 =0.06 sec may be rather large. As I T  —To I is 
generally less than 0.3°C in the ordinary case. 
1/M becomes about 0.03 seconds. Therefore, 
we  can record fluctuations of temperature 
with the frequency less than  2-'3 cycle/sec 
without appreciable time lag even in the calm 
weather with strong insolation. 
§  17. T'-Distribution, Magnitude and Vertical 
    Distribution of  2  • 
 We have read the instantaneous values of 
 Tdair temperature) at every 0.4 seconds in 
the duration of 240 seconds from the original 
record in the same manner as described in 
the case of obtaining fluctuations of velocity 
(see § 5). Let total number of reading be n, 
then the mean temperature  T is defined by 
 T  2Ti/n. As for the record analysed, we 
selected from the cases observed on fine days. 
The distributions of  ri, which is deviation 
of instantaneous value from the mean value. 
  =  Tt—T,  are generally normal Gaussian 
type as those of u'-fluctuations. They are 
shown in Fig. 21. But, as seen from the 
histogram of T' on Feb. 10, the position of 
maximum value of distribution curve is de-
flected to the side of low temperature, and the 
slope of the curve is slower to the side of 
high temperature. This type of distribution 
curve was often seen in the air layer more 
than 5 meters high in winter. As to this fact, 
we shall discuss later (see §  2  1  ). In the air 
layer less than 3 meters high in winter, and 
at all heights in our observation in summer, 
distribution curves were always represented 
by Gaussian type. Regretfully, we could only 
measure fluctuations of temperature in sum-
mer up to five meters high. 
 The numerical values of  4/  root mean
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Date Feb. 6th  ,  13b 32m
Height (m)
 A./ 72  (°C) 
 a  ?fag°O/D)) 
 L  (m) 
 P  (sec) 
 2f  07'  R;  dE  (see) 
 ^tv'2  (m/sec)
 Mean Velocity
15 5
0.11 
0.03 
3.40 
2.5 
3.3 
9.5
0.30 
0.15 
1.33 
2.3 
2.3 
2.2
3
0.24
2.2
0.33 
0.5 
0.17 
1.6 
2.3 
1.5
3.3  m/sec*
Feb.  8th,  13h52.
15
0.14 
0.05 
2.8 
4.1 
3.0 
4.3
 5
0.23 
0.17 
1.4 
3.0 
3.7 
1.8
Feb.  10th,  9h5m
1 15
0.34 
0.7 
0.5 
2.4 
2.8 
0.8
3.0 m/sec*
0.21 
0.02 
10 
4.3
 5
0.22 
0.1 
2.3 
3.2
 1
0.34
2.5
3.5  in/sec*
Date
 Height(m)
 /  T2 (°C) 
 aT/az(°C/m) 
  L  ( 
  P  (sec) 
2f T  R  d  (see) 
 (m/see)
Aug. 12th, 
 101,27n1
5  1
Aug.  316  , 
 8h39.
0.48 
0.21 
4.0 
3.2 
5.4 
3.8
 1
0.34 
0.61 
0.56 
3.0 
 4.8 
0.8
0.56 
1.2 
0.45 
3.2 
4.0 
0.40
Aug.  3114, 
 12h6m
Mean Velocity 7.5  m/sec**
0.30 
0.95 
0.31 
1.7 
2.5 
0.61
 ts-
- 
 /0 
 ar
I  -nt
 L
A ott,//4.27"
- 
 ,--
 S  wt.
        cLr_r_rj  -  .40  472  gl  K  274  27$  21,  242  24(  AU  4  g  24.s  270  272  Ine  in  27.8742  21
 (7c) 
        Fig. 21 (b)  Ti-Distribution. 
square value of fluctuations of temperature, 
are shown in Table 11. In the same table, 
value of mean velocity at the top of observa-
tion tower are also described.  ^ T'2 is nearly 
independent of the wind velocity. Magnitudes 
of  N/T'2 becomes about  0.3^-0.4°C in  15  meters 
layer in winter. The vertical distribution of 
 'VT/2 has the same tendency as the distri-
bution of  A/u'2/ii that it decreases upwards. 
According to the report of  HOLTZMANN(29) in 
the daytime,  /T'2 is 0.25°C at 2 meters high 
above the ground in autumn. This value is a 
little smaller than our values. It would be 
because the instruments used in his observa-
tion  (AssisTANN's thermometer) has a larger 
time constant than ours. 
  In general, the records of temperature have 
not such raid fluctuations as those seen in 
the records of wind velocity, although the
 [1_
 1.0 3.5 
 in/sec**[  in/sec**
 Remarks  : 
  0.2 
 0./5—
 0.0.1-
 *Mean velocity at 
 **Mean velocity at 
 F4  'O  to  9  S"1- 
 1 wittell.
 -  4.4o
  J-e.7.  30  U F
.0  7.2  V.:  go
Fig.  21 (a)
-  o..20
 0./0
16 meters high. 
6 meters high.
 6.0  1  2  611
 0— .37E SO 6.2 di, ea ' (:r.) 
 T'i-Distribution. Feb  Ioth  9h5ra.
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most parts of such fluctuations are out of 
scope of our analysis. Also, in the record of 
temperature, variations of very long periods 
about 30 to 40 seconds which appear dis-
tinctly in the record of wind velocity (breath 
of wind), are not observed. The pattern of 
turbulence is different from that of wind. It 
consists of rather slow fluctuations and it is 
often accompanied with sudden change of 
temperature (for example, change of 1.5°C
 4  7S 
 O.  P 
0.2P 
 0
 /0 
 D7 • 
ver 
 76. 
 r 
 aas
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 :d 
 /S"
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 X
 Fig.
 -0--  6th 
 --16r--Jut eV-
    Fe4 lath
 /$4227u-
/3%S2mt
 0,1 0.2  0.  a 
22 Vertical Distribution
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 0.25 
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within 0.1 seconds). 
§ 18. Correlations of Temperature Fluctu-
     ations and Scale of Turbulence. 
 We will first discuss thetimely and spacial 
correlations of fluctuations of temperature 
 CT'  ). The timely correlation between tempe-
rature flucutations at time t and those at 
 t+E is expressed by  R as  the case of ve-
locity, and  R; curves are shown in Fig. 23.
 8th.  /pc  4-.2m-
m- tipiC
 S  m_
 /m
 (sec-)
20
 Fig, 23 (a) R7E-Correlation. Feb. 8th  131182in
Fig.
r hir( Fca .‘at
/3 4,_ AWL
 .5-
`'N
n,— t (S4.4) "
23 (b)  R't-Correlation. Feb. 6th.  13h 32m.
Auy 3 1r,i 
 Au  Hilt  I  Lke 
 att  /011..27,t
 ILisk 
 hiyis
 _
 /3-  (sec) 20  ' 
          Fig. 23 (c)  Rt"-Correlation. 
 Curves are well approximated by exponential 
 function  e-1-4, (T. E. W. SCHUMANN and  W.  L. 
 HOFMEYER Q. J. Roy. Meteor. Soc., 68 177 
 (1942)), and the rate of decrease of  R' with 
 the increase of  $ is larger than the case of 
 R obtained from the velocity fluctuations, 
 and the point at which  Rt" curve cuts  $.--axis 
 on the graph corresponds to the  $ value of 
 8 to 16 seconds and  RE becomes less than 
 0.5 when  $ is 5 seconds. 
  Next, we obtain the spacial correlation  R: 
 between temperature fluctuations at two 
 points which separate by y each other along 
' the vertical direction, the values of  R: are 
 shown in Table 12. They have positive even at 
 y=14 meters. During the time  in which the 
 rate of the increase of the surface tempera-
 ture of the ground is rapid, for example, about 
 81' to 9h a.m. in the clear day, the values of
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 R: are larger than usual. These phenomena 
are seen in Feb. 10th  9125m and Aug.  12th 8h25m 
 and  57m in Table 12. 
 From  Rif we can evaluate the spectrum 
    Table 12.  *Correlation (1).
 Height  (m)
 15 
5 
3
15
 
1  1
5
 0.42 
 1
3
0.29 
0.46 
 1
 1
0.16 
0.36 
0.39
Feb.  6th.  13h32m.
 Height(m)
15 
5 
3
15
 1
5
0.26
 1
 1
 0.11 
0.49 
 1
Feb.  8th,  1  3/152m. 
Table 12.  *Correlation (2).
 Height(m) 5
5 
3 
2 
 1
 1  1
3
 0.67
 1
2
0.44 
 0.57 
 1
 1
1 
i 0.6
0.78 
 1
0.46 
0.75 
0.76
 Aug. 32th,  8h57m.
 Height(m)
 5 
3 
2 
 1
5
 1
3
0.51 
 1
2
0.14 
0.58
0.76 
 1
0.6
0.70 
0.76 
 0.71
Aug.  12th,  8h25m.
 Height(m)
5 
3 
2 
 1
 5  3
0.21 
 1
2
0.66 
0.28 
 1 0.54 
 1
0.6
0.05 
0.25 
0.18
Aug. 12th,  10h27m.
Height(m)
15 
5
15
 1
5
0.69
 1
0.57 
0.71
Feb.  10th, 9h5m.
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of T'2, and as expected from the value of 
 R'  , spectrum decreases uniformly from short 
periods fluctuations to long period fluctuations 
and fluctuations of special peroids do not 
predominate. 
 Our analysis is founded on data of instan-
taneous values taken at every 0.4 seconds 
from the original records, so fluctuations with 
the period less than 1.6 seconds are out of 
scope of our deduction. In the record of wind 
velocity, there are many such rapid fluctua-
tions, but in the case of temperature they 
are scarcely observed. This fact may be 
because our thermometer has larger time 
lag than our anemometer, but mainly because, 
in the turbulences of both velocity and tem-
perature, the mechanisms of their generation 
are essentially different from each other. 
  Now, we shall examine the mean period of 
fluctuations of temperature. The first method 
of evaluation of the mean duration is that 
by  HEssELBRG(n) (see § 7). Let  zit be the 
time of observation and n be the frequency 
which T takes the same sign, then the period 
is given by  At/n. They are shown in Table 
11, and take values about 3 to 8 seconds. In 
winter, they become larger upwards but in 
summer, their vertical change are not notice-
able. 
  The next method of evaluation of mean 
 duration is based on the correlation coefficient. 
Using the timely correlation  R; above obtain-
ed, the mean period is given by  2  f  R;  d. 
                    T The values  offRtclE, as hown in Table 11 
 0 take 2 to 5 seconds, so their periods are 4 to 
 10 seconds. These are a little larger than 
 those obtained by  HESSELBERG's method. 
They become larger when the temperature 
of the ground is  increasing,
190 M.  SE 
 Now, let mean temperature and its lapse 
rate in the layer of observation with height 
z be T and  aVaz respectively. Suppose the 
 lump of air  (TurbuknzleorPer), which is sit-
uated at  z-1, 1 downwards preserving its heat 
quantity without mixing with the surrounding 
air and pass through the layer of height z, 
then at that moment, he instantaneous value 
of temperature at height z becomes T  + 
 xaT/az, therefore, fluctuation of temperature 
from the mean value is 1  aVaz. Let root 
mean square value of 1 be L, then L is ob-
tainable from our  observations and given by 
,./Y-2/-a- . The values of L are also shown 
        Oz. 
in Table 11. They are about 0.6 m at the air 
layer of 1 meter high, and becomes larger as 
the height of air layer increases. 
 Next, when the lapse rate of air tempera-
ture is known, the vertical component w' of 
fluctuation of velocity is obtained by using 
the assumption of mixing. Suppose lump of 
air moves preserving its heat quantity, then 
dT                                       i
n ,      tne meaning of LAGRANGE, is zero. dt 
 As 
 dT  aT,OT OT  
           u-EV'+74/  dt  =  atax ay az 
and as  OT andaT                   seem to be negligible  a
y 
           T           acompraed with—a, thenatwf               aT 
                                az
and  therefore approximately 
 (  OT`  )2  aT  
 \ at/az 
 n 
  2T'—T'- 2                      1 I/(1+1 t) 
 )is givenby  zit  n-1 
where  Ti  (i=  1,  2,  3,  , n) are the instan-
taneous values of temperature fluctuations 
at every  zit seconds. Let the value of  R' 
(timely correlation) at $-=-4/- be  (R;)  5, then 
   aTr    at) is trasformed to  (A/ 2zit) V 1—(R  )4t
 [TOTANI
 X  VT" . Finally 
 = 4v/2 v(1.___(-Rifli, 
  et aZ 
            S-            '"/2 -A/ 1._(R.&L. 
Taking  .6ft=0.4, and  from the  let values pre-
viously obtained, the value of  -V  74/2 can be 
calculated and shown in Table 11. At a 
 glanCe of the Table 11, we shall instantly 
understand that these values are too large 
and on some cases larger than the mean 
velocity  it, so these are unreasonable. These 
may be partially due to the fact that our 
instruments are inaccurate to obtain the cor-
rect value of the lapse rate of air temperature, 
but mainly due to the fact that fluctuations 
of temperature are not explainable only from 
the assumption of mixing of small lump of 
air, and seem to be connected with the ther-
mal convection with a large scale and the 
advection of air particles with different 
temperatures. 
                Chapter 5. 
    On Some Problems of Turbulence. 
§ 19. Correlation of T' and  u". 
 Various aspects of turbulence, which we 
have hitherto investigated, were obtained 
from the sequence of instantaneous values of 
 ui and  Tti  i=  1,  2,  3, , n), which was read 
from the original records during 250 to 300 
seconds at every 0.4 seconds. But, these cal-
culations were much troublesome and besides 
in the investigations on the problem of
* Recently
,  0. G. SUTTON  evaluated the relation 
                         n 
 A/w12--=eonst L.— -g3(1in the air layer of 
             YYY0az 
 z 7 to 45  w, from the  assumption that rate  of 
dissipation of the turbulent energy is equal to the 
rate of loss of potential energy of the raising lump 
of air, and the isotropy of turbulence is valid in 
this layer (Q. J. Roy. Met. Soc, 74 13 (1948)).
(a) 
(b) 
(c)
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increase and decrease of turbulence, and its 
relation to the lapse rate of air temperature, 
analysis of large amounts of readings are 
necessary. Therefore, for simplicity, we shall 
shorten the duration of analysis to 90 seconds. 
In fact, to shorten the duration is to elimi-
nate the turbulence of large scale from the 
record. As, in the atmosphere, there exist 
almost eddies of all scale which are generated 
by various mechanisms. So, to  shorten the 
duration may cause erroneous results espe-
cially in the case of u' which has a large 
scale of turbulence. We already discussed on 
this point from data obtained in Maebashi 
 observations  (9) 
 But, according to our observations of tur-
bulence in the air layer near the ground, 
eddies having the periods more than 40 
seconds were scarcely implied, and when the 
duration of reading of the record of T' and 
u' was shortened from 250 to 90 seconds in 
the few examples, it was assured that essen-
tial change in the turbulent quantity was 
not introduced in our results. So, in § 18 and 
§ 19, we will discuss the turbulence from 
the samples read during 90 seconds. 
 We measure the wind velocity and air 
temperature at the same time and calculate 
the correlation of T' and u'. In the turbulent 
motion, the  values. of  PcpT'uf represent the 
transportation of heat quantity due to tur-
bulence through a unit area which is  perpen-
dicular to the direction of mean flow. They 
are shown in table 13. But, in the lowest 
layer of the  atmosphere,  pc,T'w' is more 
important, for it represents the heat flow to 
the vertical direction. 
 The values of  u'r/A/u'2..N/fli are also 
shown in Table 13. They are always negative 
and vary from —0.2 to —0.7. The mean value 
of  u'T'7,./u'2.  A/7'2 is about  —  0.3 and show
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nearly the same values as  u'w'h/u12.1/w'2. 
If T' and w' might be assumed to have 
positive correlation, fluctuations of  tempera-
ture would be connected with the vertical 
   Table 13. Correlation of u' and T.
Date
Oct. 26th 
 7h 9m
Oct. 26th 
 8h341"
Height 
 (m)
 5 
 2 
0.6
 —Peru'?" 
 X  10+4 
 (cal/  cria2sec)
2.3 
1.8 
3.3
5 
2 
0.6
 1.<4 
3.3 
 1.6
   T'u'  
 r2  N/W2
-0.53 
 -0.42 
 -0.53
 -0.56 
     -0.76 
 -0.54
         5 
 Aug.  31  th 3 
          2 
 81"  39m 
             0.6
Aug.  3ith 
 12h 9m
Aug.  3  ith 
 .
1031m
5 
3 
2 
0.6
5 
3 
2
 
1 
0.6
7.5 
8.5 
3.3 
5.4 
1.6
1.2 
2.4 
2.0 
1.4 
1.6
 0.8 
2.4 
3.2 
2.6 
2.9
—0.46 
—0.41 
 —0.23 
—0.16 
 —0.42
 —0.46 
—0.34 
 —0,47 
—0.36 
—0.42
 —0.22 
 —0.45 
—0.49 
 —0.51. 
 —0.40
 Mean 
Velocity
2.4  (m/s)
2.6  (m/s)
 3.5  (m/s)
3.5  (m/s)
 3.3  (m/s)
fluctuations of wind velocity, and in other 
words, they would be explainable as an effect 
of irregular wave motion in the air layer 
which has the lapse rate of temperature, or 
as a result of the vertical motion of lump 
of air (mixing or convection). As for this 
points, we shall discuss later (see § 22). 
§ 20. Suppression, and Increase and Decrease 
     of Turbulence. 
 It is often said, that laminar states in the 
wind are generated when the wind velocity 
is slow and air layer is stable. Theoretical-
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 1("22)  , increase and decrease of turbulence 
are determined by the magnitude of non-
dimensional number  (RICHARDSON number 
 AI  3,  th  .13$1 
    °7 
 —Cr—  Ternre.r urc 
 Ot j            5--- 
 LC-  clistribution.  T—  st  6ytinn.
 THE  Lowvsir  LAyEi*.
l  1    1301
I -Inch", .4:it
 Vtlecii  cy_
 Teinpe^atur
         -Li
nn 
 ,  
    /.1  Is Js. .20 IT 2.4 td  25 22-3(ors'v-4  210  2c2  IFt27417`1 (4 
    Fig. 28 Relation between u' and T' Fluctuations. 
Ri)  g/T  • -a0-/(-ql.)2, where 0 is the poten-   azOZ  tl 
tial temperature and g is the gravitational 
constant. When the value of  Ri is smaller 
than the critical value, the state of flow is                                     lc
turbulent. The critical value is different by  fi 
different researchers, for example,  1 (RICH-
ARDSON) or 1/2  (TAYLOR) or 1/24  (SCHLICH-
TING). According to the observation of  BEST(°), 
the value of  80/0z in the state of inversion was  fi 
at most  0.7°C/m in the wind velocity of 3 
                                                ( 
 m/sec at the layer of 1 meter above the 
                      au 
ground. On the other hand,—azzand 
as numerical value of  u* is about  O.25  m/sec 
by PAESCHKE's observation, then  Ri becomes 
about 0.04. So the decrease of turbulence is 
just satisfied with the criterion by  SCHLICH-
TING. When the wind velocity is 2m/sec, 
 ao -
8z-becomes  1.2°C/m. While  u* is  0.15m/sec, 
 Ri becomes 0.29. The criterion of  decrease 
of turbulence may be satisfied according to 
 SCHLICHTING, but the flow is yet turbulent
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by TAYLOR or RICHARDSON. Therefore, in 
the air layer near the ground,  .when the wind 
 velocity is larger than 2 m/sec, the observa-
tion of suppression of turbulence are not 
easily expected in the ordinary circumstances, 
but in the air layer over sand desert or 
glacier, and in the case of solar eclipse, in 
which the decrease of radiation from the 
sun is rapid,  as/az can become so large that 
laminar  states may  be  observed even in the 
flow having velocity more than 2  misec. 
      In  our  records of velocity fluctuations, 
    air flow becomes laminar when the 
    mean  velocity  at the top of observation 
     tower become less than 1.3  m/sec. The 
    state of laminar flow is characterized 
    by slow variations of wind without 
     rapid fluctuation, or in some cases any 
 variation of velocity is not observed. And, 
 hese states are observed in the evening, at 
 night and in the morning before sunrise. 
  The transitions between laminar and  turbu-
 ent flow are shown in the Photograph 5. At 
 first, pattern of flow is predominantly laminar 
 with occasional intrusions of fluctuations of 
 urbulence. Then frequencies of these  intru-
 ions of fluctuations gradually increase, and 
 finally flow becomes predominantly  turbu-
 ent. In the transition from turbulent to 
 laminar flow, the process becomes quite  in-
 verse, and sudden transition from one state 
 o another at critical condition is not 
 observed The transition from laminar to 
 turbulent pattern was accompanied with the 
 increase of wind velocity or intensity of 
 nsolation, and the nearer is the air layer of 
 observation to the  surface of the ground, 
 the sooner flow becomes turbulent. Whether 
 flow is turbulent or laminar, is wholly  deter-
 mined by the proportion of time taken by 
 the respective  type of flow sweeping past a
 194 M.  SHIOTANT
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(a) 
(c) 
(e)
Photograph  
 U=7.3  m/sec, 
 U--  1.0  misec, 
 U=4.4  m/sec,
Some Examples 
(fine day). 
(fine day). 
(cloudy).
(b) 
(d)
 U=--
U-----
2.1  m/see, 
3.5 m/ see,
(fine day). 
(fine  day).
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given point. On this phenomena of  mixed 
laminar and turbulent flow,  BROOKS  and 
 BERGGREN(33) suggested from the  analogy 
of the known states of flow in the  transitional 
region in the circular pipe, and described  it 
as follows  : 
   The buoyancy-stability of free air can be  so 
 strong as to damp out disturbance, perhaps as  if 
  by raising the critical REYNOLDS number  locally. 
  Then, of course, in the local of laminar flow,  veloc-
  ity gradient would increase greatly (due to  reduced 
  friction under constant stream line  pressure-gradient). 
 The locally  ineraesed velocity-gradient  affords 
  momentarily increased available kinetic  energy, 
  thereby reestablishing turbulent flow. 
                       Table 14. (1)
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    The type of flow at low velocity is much 
   influenced by the  lapse'rateand the intensity 
    of sunshine. 
     Many observations were carried out for 
   the investigation on the increase or decrease 
   of turbulence in the morning and in the 
   evening or all day long, but we cannot obtain 
   good results, and beside in our observation, 
   the record of insolation is missing. Therefore 
   we only show  some examples of them in 
 TableI14, and Fig. 24, 25, 26, and 27. without 
    further discussing. 
 ) November 3rd
  Time 
(mean vel.)
 6h  34m 
 (0.8m/s)
7h  131n 
 (1.5m/s)
9h  4"1 
 (i.5m/s)
Height (m)
0.6  , 
2 
 5
0.6 
2 
5
0.6 
2 
5
 i^z'2  (m/s)
0.16 
0.17 
 0.14
 0.11 
0.28 
0.23
0.19 
0.28 
0.23
 N1412/u
0.19 
0.25 
0.17
0.18 
0.17 
0.13
0.18 
0.16 
0.15
Time Height  (m)
6h34m
 7h13111
9h  4m
5 
2 
04
5 
2 
0.6
5 
2 
 0-6
5
 1
2
0.34 
 1
0.19 
 1
0.64 
 1
0.6
0.13 
0.05 
 1
0.11 
0.26 
 1
0.36 
0.46 
 1
Table 14. (2) October 26th
  Time 
(mean  ye].)
 5h55m 
 (2.0m/s)
 6129m 
 (2.0m/s)
 711 9m 
(2.4m/s) 
 131134m 
 (2.6m/s)
Height (m)
0.6 
2 
5
0.6 
2 
5
0.6 
2 
 5
0.6 
2 
5
 'V  u'2  (m/s)  .^-0/T4
0.13 
0.15 
0.13
 0.14 
0.21 
0.13
0.18 
0.21 
0.24
0.24 
0.43 
 0.41'
0.10 
0.13 
0.06
 0.11 
0.11 
0.06
0.13 
0.10 
0.09
0.16 
0.18 
0.15
Time
5h55m
 6h29m
7h  9m
 8h34111
 Height (m) 5
5 
2 
 0.6
5 
 2 
0.6
5 
2 
0.6
5 
2 
0.6
 1
 1
2
0.29 
 1
0.07 
 1
0.18 
 1
0.59 
 1
0.5
0.08 
 0.27 
 1
0.17 
0.13
0.04 
0.04  
1 
0.32 
 041
196 M.  8: 
§ 21. Turbulence and Mean  Velocity. 
 Next, we shall discuss the relations  between 
      Table 14. (3) August  31th.
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    the  wind velocity and the turbulence. Of 
course, turbulence are greatly influenced by 
the lapse rate of the air temperature, so we
  Time 
(mean  vel.)
 
1  0131m 
 (3.0m/  s)
Height (m)
0.6 
2 
5
12h  9m 
 (3.5rols)
 15h30'n 
 (4.010/8)
 16h  5m 
 (3.im/s)
16h43m 
 (3.6m/s)
0.6 
2 
 5
0.6 
2 
 S
0.6 
2 
5
0.6 
2 
5
/sec) N/ /412/u
0.27 
0.25 
0.21
0.41 
0.34 
0.29
0.15 
0.14 
0.08
0.28 
0.25 
0.27
0.23 
0.23 
0.35
0.36 
0.38 
0.28
0.19 
0.13 
0.09
0.19 
0.13 
0.12
0.16 
0.13 
0.14
0.28 
0.18 
0.14
 N 
 F 
2
 ta 
 2
 iz(ik)
 —  0— Nov. 2nd  1  7hIbm 
 —0 — Nov. 3rd  6h34rn 
 x  71113in 
 9h  4m 
 NI • 
 2 — ot))
 (--8-A.37m 
k
     0,0 
5'4 
g
0.20
 o  0.1  0.2  04  \FF 
 —0—^Sid- S*L--X--  6 11.2rn-
   Vt? fi3;en 
 Fig. 24 October 26th
 0.1                    0.2
          Fig. 26 th Augst. 31 th 
 (i) Nov.  2nd, 17th  16m,  17th  43m,  Stratus.  over-
casting 10.  In turbulent flow, sometimes  laminar 
flow occurs at 17h16m, and there predominates 
wholly laminar flow without variations of velocity 
at  17443m-
 (2)  Nov.  3rd, 6h34m, 7h13m, 9h4m, Stratus, over-
castig 10. Mean  velocity is changing  from  0.8m/sec 
to  1.Bm/sec. At  6/134m ixed state of both laminar 
and turbulent flow.  ,s,/  u12111 are nearly constant in 
the course of time, but Re-correlation increases 
with the time. 
  (3) Oct.  26th, 5h55m, 6h29m,  7h9m,  8h34ra. Over-
casting 2. The sun rise at  6h29m. The intensity 
and scale of turbulence increase rapidly in the 
interval of  7h9m to  8h34m. 
 (4) Aug.  31  th  11h31mp  12h9m,  15h30m, 16h5m, 16h 
 43m. Clear. Wind velocity is 3 to 4  nn/sec during 
observation.  The=decrease of intensity and scale of 
turbulence are not markedly observed.
 0
U
N
,>_2 -WM)
2
 010  0•44-  P-2a 4-52Fi
Fig. 25 November 3 rd
 afe 
3 
     Fig.
 -4C--  402  3-171, 
 --Cr-  4....27pre. 
      Azg. 
 27  th.  August  12th
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select samples  from observations in winter. As 
the wind velocity, we used the readings of 
ROBINSON's anemometer at 16 meters high 
above the ground. The mean values of the 
samples to be discussed, are 2.4 m/sec, 3.1 
 rn/sec, 5.7 m/sec, 8.3  m/sec and 9  m/sec. The 
lapse rate of  2.4  m/sec corresponds to the 
states of inversion that of  5.7  m/sec to the 
inversion below 3 meters layer and is super-
adiabatic above 3 meters high, and those of 
other three the layers are  super-adiabatic. 
 At  first, the  values- of  j/ u'2 are plotted in 
 Fig. 29 against the mean velocity U. Every
point on the graph  lies in the region between 
two straight lines which pass through the 
origin. So,  A/Te/2 seems to be  directly propor-
tional to U. Next, the relation between  N/Te'Vire 
and U is shown in Fig. 30  ,vaiva slightly  ]
increase with the mean velocity with an
/0
 D.
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exception of the case of 2.4  misec in which 
the air layer is in the state of inversion. 
This change of  N/ii12/ii with U, however, is 
smaller than the change of it with height 
above the ground. 
 (In-) 
 2  .  0 
 o   
             
. , 
as- A 
    31 Relation between 
       Mean Velocity U.
 t
 2.  .(^-  7  S-
              U  (ll/5)
Fig. 29 Relation between ,/i72— and 
        velocity U. 
 •  
  1/47 
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e /
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Fig. 30  Relations 
       Velocity
 73_  /o.  0
12-/s) 
between ,./-1,7si and Mean 
 U. 
       —®—  in]  high. 
 3rn high. 
 501  high,
   73- 
1/2,/w2
  /00 
P and
 1.  0
0
 K„  (4e/s)
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    -CS 
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   Fig. 32 Relations between  Kx  and.  Mea_ii 
 Velocity U. 
 —7—  Min high. 
 —  X  —  15w  high.
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 Accoring to the representation of HESSEL-
BERG, mixing length and eddy viscosity are 
            1— given by
2        —1/P,/W72 and—4/ Pui2 respectively, 
where P is the mean period of turbulence. 
The change of P with U is not noticeable. 
Then, the mixing length seems to be directly 
proportional to U, and the eddy viscosity 
directly proportional to the square of  U. And, 
these tendencies are noticeable from Fig. 31 
Fig. 32. 
 We can also understand vertical distribution 
of turbulent properties, (energy and intensity 
of turbulence, mixing length and eddy vis-
cosity), discussed in § 7 and §  a, at weak and 
strong wind, from the curves of Fig. 29, 30, 
31, 32. 
§ 22. On Some Factors which Affect Tem-
      perature Fluctuations. 
  It was already assured that fluctuations 
of temperature are influenced by the inten-
sity of insolation, and they become larger in 
the daytime than at night. By our continous 
record with the resistance thermometer with 
small time lag (see Fig. 2), fluctuations of 
 temperature are not observed at night, and 
they generate in the fine day when the 
surface temperature of the ground begins to 
increase, continue during daytime, and begin 
to decrease in the evening as the temperature 
of the ground decreases. The amplitude of 
fluctuations is small when the sky is  over-
casted 
  The values of \r/-2-,obtained from our 
records of oscillograph are shown in Fig. 
 24, 26 and 27. In the air layer below 5 meters, 
fluctuations of temperature are about  0.2—' 
0.35°C. When the mean velocity becomes less 
than 2 m  "sec in the evening or in the morning, 
their amplitudes decrease. The time at which 
the maximum amplitude of fluctuations occurs,
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is about 9h a.m. and at this time the temper-
ature of the ground is increasing rapidly. 
 When the sky is wholly overcasted,  T'2 
 becomes less than 0.15°C even in the wind 
velocity greater than 5  m/sec. At night, 
fluctuations are about less than 0.1°C, whether 
the wind velocity is strong or weak. The 
spacial correlation of  fluctuations.  R1 becomes 
small more rapidly than A/1--,2 as the intensity 
of insolation decrease. 
 At night, when the weather is calm and sky 
is cloudless, the flow becomes laminar and 
the fluctuations of both velocity and temper-
ature are small, so discussions on fluctuations 
in this case are out of scope of our question. 
Now, factors which influence on fluctuations 
of temperature T' in the turbulent flow are 
(1) mean velocity  a and velocity fluctuations 
 it',  v',  w', (2) the lapse rate of air temperature 
 aT/  Oz, (3) intensity of insolation, and (4) 
surface temperature of the ground and its 
 inequality, over the whole surface. 
  (a) Let surface temperatue of the ground 
be uniform over the field, and suppose that 
fluctuations of temperature are caused by the 
mixing accompanied with random movements 
of lump of air. Then, N/Tri is determined by 
factors (1) and (2), that is 
   VT'2 =N4(1'2 -az /70/1-(R;)h, (A) 
                         (see § 17.) 
where  (R;)h represents timely correlation f 
 T. According to our observations in the day 
time,  te is not scarcely influenced by the 
intensity of insolation. On the relation be-
tween  w'  and insolation we cannot say exactly 
but from  -the experiments in water tank by 
FAGE and  TOWNEND05), and also from ob-
servation of  SCRAsF,09) in the open field, we 
cannot imagine that the amplitude of  w' in 
the cloudy weather becomes 1/3 of that in
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the fine weather as well as the amplitude of 
 T' does. Next,  .\472 becomes larger as the 
mean velocity increases, and change of  Oliaz 
by the change of both mean velocity and 
sunshine is rather small in the air layer 
above 30 cm high above the ground. So,  from 
the above formula (A), N/T2 generally must 
increase as  u increases. This is contrary to 
the results of our observations (see Table 11). 
Besides, if T' is caused only by the mixing 
with random motion of lump of air, values 
of obtained by the formula (A) are too 
large. Then, we cannot determine that  fluc-
tuations of temperature is wholly due to the 
random motion of lump of air or irregular 
wave motion generated in the air layer. 
  (b) Next, we suppose that fluctuations of 
temperature are caused by the thermal  con-
vection.   As any periodicity is not observed 
in our fluctuations of temperature, it is 
supposed that those fluctuations of tempera-
ture are not due to the cellular vortices as 
being seen over the sea, but due to the irreg-
ular convections. 
 As the intesity of insolation increases, the 
surface temperature of the  ground raises 
(and attains often 70°C in summer). The f. 
surface temperatue of the natural ground 
are not essentially uniform all over the field, 
but they show considerable difference from 
one place to another. (It was said by 
FLACKENBERG and  SToEcKER(m) that the 
measurement by the resistance thermometer 
stretched at least 1  km2 over the ground is 
necessary to obtain the rational value of 
surface temperature). Then, heated lump of 
air moves upwards by its buoyancy. The  c 
acceleration a of the rising air (given by 
  where T is the temperature of  T
„ 
raising air, and  T, is the mean temperature 
 of the surrounding air),  determines the height
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 to which raising air can attain. In our data 
 of observations, a is about 4 cm  'sec' in the 
mean and by  LETTAU it takes values about 
1 to 10  cm/sec2 in the layer near the ground. 
The height of raising air  often attains up 
to more than 35 meters high in the daytime 
by the observation of  FRITZSCHE and 
 STANGE(37). In our observations (see Chapter 
 2), turbulence of wind velocity is constant up 
to 15 meters high in summer but in winter 
its vertical distribution shows the decreasing 
 tendency in the air layer  above.10 meters. 
  Therefore, in the daytime, fluctuations of 
 air temperature are mainly due to the local 
 convections which irregularly generate in the 
 air layer in contact with the ground, and the 
 idvections of air  , particles with different 
 temperature, but in the overcasted day or 
 at night, they are only due to the mixing 
 motion by random fluctuations of velocity. 
  (c) Next, we compare velocity fluctuctions 
 u' in the fine day with those in the cloudy, 
 or those in summer with those in winter. So 
 far as the fluctuations of the velocity u' are 
 concerned, differences are not noticeable in 
 :he air layer below 5 meters high in the 
 same mean velocity larger than 4  m/sec. But, 
 .n the layer above 10 meters high intensity 
 and scale of turbulence are larger in the fine 
 day and in summer. And, when the mean 
 velocity is less than 3.5  m,/sec, those  differ-
ences due to insolation begin to appear even 
 n the air layer below 5 meteres high, and 
 the smaller is the wind velocity the larger 
 become those differences. In the case of w', 
 hose differences are not clear for the sake 
 of the small number of observations, but 
 hey will not be so large as observed in the 
 fluctuations of temperature in the moderate 
 and the strong wind. Therefore, the  fluctua-
ions of velocity  are mostly due to  mechanical
200 M.  sin 
causes (for example, roughness of the surface 
of the ground, dynamical instability in the 
shearing motion and obstacles), but the  tur-
bulence by thermal causes gradually increases 
as the height of the air layer increases and 
in the high layer, thermal turbulences will 
take the main parts. 
§ 23.  Summary. 
                                                                                                                                     • 
  The  method of measurement of fluctuations 
of both velocity and temperature are  -de-
scribed, and results of those observation are 
discussed in the lowest layers of the atmos-
phere up to 15 meters high above the flat 
surface. 
  Several properties of turbulence are ob-
tained from the instantaneous values read at 
every 0.5 or  0.4 seconds during about 5 
minutes. In the spacial cases, the duration 
of readings is 90 seconds for simplicity in 
 making caluculations easily. Aspects of tur-
bulene are represented by the intensity and 
the scale, and scale is defined by timely 
correlation at one point and spacial correla-
tion between two points vertically separated. 
From fluctuations of both u' and T', 
vertical distribution, intensity and scale of 
turbulence in summer and in winter and their 
changes by the changes of the meteorological 
conditions are discussed. It is supposed that 
 turbulence of velocity is mainly due to the 
 mixing of air moving in random way in 
 moderate and strong wind, but on the con-
 trary, turbulence of temperature in the fine 
daytime are mainly due to the thermal 
 convection irregularly started from the layer 
 in contact with the ground. For the accurate 
 verification of supposition and also for the 
 research of  beat transfer in the turbulent 
 flow, it is necessary to investigate relations 
 between w' (vertical component of velocity
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fluctuations) and the meteorological conditions 
and also to measure both w' and T' at the 
same time in order to obtain w'T'. We are 
sorry that our observations are lacking in 
these points. These measurements are rather 
laborious, but in the future researches on 
the turbulence in the lowest layers of the 
atmosphere and its related phenomena, above 
measurements will be indispensable and will 
bring us fruitful results.
 The author has pleasure to express his 
sincerce thanks to Dr. G. YAMAMOTO for 
his cotinuous encouragement and helpful ad-
vice throughout these works. 
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